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ABSTRACT 



The A-l Fighter Sight was developed by the Instrumentation 
Laboratory of the Massachusetts Institute of Technology, utiliz- 
ing conventional single-degree-of -freedom gyros and mechanical 
computers . 

Since the development of the A-l Sight, the Instrumentation 
Laboratory has developed a new type of single-degree-of-f reedom 
gyro and a mechanical computer unit whose accuracy, durability 
and dependability are superior to any in current use. 

This thesis presents analyses of two system configurations 
which utilized the new components. 

The first configuration, referred to as System Number 1, con- 
sisted of the gyro unit alone and utilized the gimbal shaft of the 
gyro as a computer shaft. The characteristic equation was of first 
order. This system proved to be excellent for generation of pre- 
diction angle, but with the equipment used in the laboratory it 
was unsatisfactory for tracking. An analytical study showed that 
the system would be satisfactory from both prediction and tracking 
points of view when the damping coefficient of the gyro was in- 
creased , 

The second configuration, referred to as System Number 2, 
consisted of both a gyro and a computer unit. The gyro was first 
considered to receive the angular velocity of the control line 
and, with the computer and other components, generate prediction 
angle. For this operation, damping was insufficient to give 
satisfactory performance. The effect of added damping and the 
effect of adding a lead network to exactly cancel the lag intro- 
duced by the gyro were studied both analytically and with a 
Philbrick electronic simulator. As in the case of System Number 
1, additional damping resulted in a satisfactory system. Second, 
in an analytical study, the gyro was used in a fully automatic 
system for both stabilization and for use in generating prediction 
angle . 



V.ith the gyro modified to obtain more damping, System Number 
1 would be satisfactory as a replacement for the elevation channel 
of the A-l Sight. For manual tracking, System Number 2 would also 
be satisfactory with additional damping. System Number 2 is also 
satisfactory as a component of a fully automatic system. 
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CHAPTER I 
INTRODUCTION 



Beginning in 1945, the Instrumentation Laboratory of the 
Massachusetts Institute of Technology developed a series of 
single-degree-of-freedom gyro units and mechanical computer 
units whose durability, accuracy, and compactness are far su- 
perior to those now in service. The gyro units with microsyn 
pickoff and torque generator, and the computers with microsyn 
units for pickoff, elastic restraint, and torque generation 
are packaged in hermetically sealed, temperature-stabilized 
containers. Case damping is present in both the gyro and the 
computer units. 

Present day fighter aircraft operations take place under 
conditions in which the temperature may vary from 120°F to 
-60°F, and the humidity may vary from virtually none to 100$ 
in the space of a very few minutes. These operations occur in 
all types of environment from that of carrier decks to desert 
airfields. 

In view of the fact that the new components have fewer 
uncertainties than those in current use, and that their per- 
formance and durability are not affected by dust, humidity, or 
temperature changes, it was considered desirable to investigate 
the possibility of incorporating them in a redesign of the A-l 
Lead-Computing Fighter Gunsight. 

The A-l Sight is described in a report entitled ’’Detailed 
Theory and Computations for the A-l Sight for the Control of 
Gunfire from Fixed Guns, Rocketfire, and Bombing from Aircraft", 
Volumes I and II, together with a complete analysis of the fire 
control problem mechanized. In this study, no attempt was made 
to create and analyze additional fire control problems, but 
rather to investigate the improvement in performance of the A-l 
Sight resulting from use of these newly developed components. 

For the study, two system configurations were employed. 

The first, an analysis of which appears in Chapter II, utilized 
a gyro unit alone with computations being made directly on the 
gimbal shaft. The theory and operation of such a system is 
fully described in ’’Detailed Theory and Computations for the 
Control of Gunfire from Fixed Guns, Rocketfire, and Bombing 
from Aircraft". The second system configuration was so arranged 
that the gyro could either be used to receive angular velocity 
of the control line as an input and operate with the remaining 
components to generate prediction angle, or be used in a fully 
automatic system for both stabilization and generation of pre- 
diction angle. An analysis of this second configuration appears 
in Chapter III. 
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Limitations were imposed by the fact that the equipment 
employed in this s tudy consisted of components already in 
existence, and no attempt was made to tailor equipment to the 
problem. However, with this equipment, it was possible to 
prove the principles involved and to determine design specifi- 
cations of components required for a production configuration. 
The equipment used in this study is described in Appendix A. 

This investigation was restricted to the elevation channel, 
due to limited time and equipment availability. 
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CHAPTER II 



SYSTEM USING GYRO ONLY 



1. Introduction 

In the elevation channel of the A-l Sight, as described in 
reference (1), torque as such was transmitted through the gyro 
linkage to a separate computer shaft. Torques were summed on this 
computer shaft, and a voltage corresponding to the resultant angle 
was picked off and fed into the indicating system. A functional 
diagram of this arrangement is shown on Fig. II-l. 

Since the single-degree-of-freedom gyro had a signal gen- 
erator and a torque generator mounted on the gimbal shaft, it was 
considered advisable to investigate the possibility of summing 
torques there, ie., using the gimbal shaft of the gyro as the com- 
puter. Accordingly, that configuration whose functional diagram 
appears on Fig. II-2 was set up in the laboratory. 

Description and performance of the components appears in 
Appendix A. 

It may be noted that the only Inputs to the system of Fig. II-2 
are range and angular velocity of the control line. In a final or 
production configuration, altitude and superelevation would be 
additional inputs. Since appropriate networks were not available 
and since the principle of the configuration could be proved with- 
out them, these inputs were not introduced. 

2. Equations for the System. 

For the system of Fig. II-2, the following equations were 
obtained: 





M 


= 


M. + C A 








(ii-D 




g 




tg g g 








W CL 


S g W;M 


= 


i ftg) S (tg)[i 2 ;M] 


+ c s 


A g 




(II -2) 




6 sg 


= 


A g S ( sg)[ A; e ] 








(II-3) 




4 2 

i (tg) 


= 


S (tg amp )[ e;i 2 ] 


X 












= 


S (tg amp) [e ; i 2 ] 


s V e 


;«] 












S (amp)[e;e] S (sg) 


[ A ; e] 


A s 




( II —4 ) 


Substituting (II-4) 


in 


(II-2), 










W CL 


S g[W;M| 


= 


S (tg)[i 2 ;M] S (tg 


amp) 


e;i 2 












S ( amp ) [ e ; e ] S (sg)[A;e] 


A 6 + 


C A 
g g 


(II-5) 
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S g [W;M] 




S o[M;A] 



FIG. II-l. FUNCTIONAL DIAGRAM OF A-l SIGHT ELEVATION CHANNEL. 



S g [W;M] 




S (tg) (amp) [e;i z ] S R 0 Ce;e] 



FIG. II-2. FUNCTIONAL DIAGRAM OF SYSTEM NO. 1. 
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Defining S (er)[A;M] 
S (er)[A;M] _ 



S (tg)[i 2 ;M] S (tg amp ) [e; i 2 ] S R 0 [e;e] 
S (amp)[ e;e ] S (ag) [A;e ] 



C g A + A = JkM. W CL ( IX— 6 ) 

S (er)[A;M] S (er)tA;M] 



P s = S i[e;P] e sg = S i[A;P] A g 



P s = S i[A;P] A g 



From (11-7) and (II -8) 



A„ = 



S S i[A;P] 



A„ = 



« S 



i[A;P] J 



(II -9) in (II-6) , 
C 



g p + P = S g[W;M1 S i[A;P] „ 

q s s o CL 

b (er)[A;M] b (er)[A;M] 



Define: 



§ = (CT) g , 

5 (er)[A;M] 



S g[W;M] S i[A;P] 

S (er)[A;M] 



= S 



P [W;P] 



(II -7) 
(II-8) 



(II-9) 



( 11 - 10 ) 



(II-10a) 



(II-10b) 
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and substituting in (11-10) 

( CT ) g P s + P s = S p[W;P] W CL ’ 

from which 

P s . S prW;Pl 
W CL [(CT) g p+l] 

Defining stability number, 

(CT) 

(SN) = [ — - 1 ] , (11-13) 

S p[W;P] 

(11-12) becomes 

p s S p[W;P] 

1- = - (11-14) 

W CL t 1 + [( SN ) + *1 S p[W;P] p l 



(II-ll) 

(11-12) 



W, 



CL 



= W, 



TL 



+ P„ 



(11-15) 



Substituting (11-15) in (11-12), 



p = S p[W;P] ^ W TL + P s ) 

[1 + (CT) g p] 



p [1 _ S P[W;P] P , = S p[W;P] W TL 



1 + (CT) g p [1 + (CT) g p ] 



from which, 

P„ 



p[W;P] 



W TL 1 + (SN) S p[W;P] p 
Combining (11-14) and (11-16) 

CL _ W CL 1 + K SN ) + *1 S p[W;P] p 

W TL ’ l+(SN) Sp[ W ;p] p . 



Tracking Ratio = TR 



TL 



(11-16) 



(11-17) 
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3. Description of Laboratory Setup. 

A power pack for supplying 400 cps current for signal gen- 
erator excitation and 400 cps, 3 phase voltage for driving the 
gyro wheel was obtained by using a 400 cps fork, a linear amp- 
lifier and a phase splitting network, the circuit diagram of 
which is shown on Fig. II-3. The 3 phase voltage was controlled 
by the gain of the linear amplifier, and was set at 12 volts, as 
recommended for the gyro wheel drive. The output from the fork 
was run through a phasing network and a second linear amplifier 
for exciting the signal generators. 

The single-degree-of-freedom gyro was mounted on a rate 
table, with which angular velocities of the control line could be 
simulated. The output from the signal generator was fed through 
a third linear amplifier into the range box. The range box was 
simply a potentiometer, with the wiper position calibrated for 
range as described below. The output from the range box was fed 
into the torque generator amplifier, whose output energized the 
torque generator on the gimbal shaft. 

The output of the first linear amplifier was used as a 
reference voltage in the torque generator amplifier. The ex- 
citation to the signal generator was phased with this reference 
voltage by means of the phasing network mentioned above. 

The output from the signal generator on the gimbal shaft 
was also fed into the indicating system of the A-l Sight. This 
indicating system consisted of the servo amplifier and sight head, 
as described in reference (1). 

Reference voltage to the servo amplifier of the A-l Sight 
was obtained from the gyro wheel drive. It was fed into the stator 
of an autosyn, and the output of the autosyn was amplified to 28 
volts. The signal generator in the sight head was excited in 
series with that on the gyro gimbal shaft, and the reference vol- 
tage was phased with the sight head signal generator output by 
rotating and locking the rotor of the autosyn. 

4. Determination and Adjustment of Sensitivities. 

Certain of the system sensitivities were determined in the 
manner described in Appendix A. They are: 

Sg[W*M] = * * x 10 dyne-cm-sec/radian (11-16) 

S (sg)[A;e] = 32 mv/mr 

S (tg)[i 2 ;M] = 40 dyne-cm/(ma) 2 

S (tg)(amp)[e;i 2 ] = °' 329 (ma)2 / mv 



(11-19) 

(11-20) 

( 11 - 21 ) 
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FIG. II -3. NETWORK FOR GYRO DRIVE 



The remaining sensitivities were obtained in the manner 
described below: 

Indicating System Sensitivity: 

The single-degree-of -freedom gyro on the rate 
table was rotated at various angular velocities, 
and voltage of the signal generator output and pre- 
diction angle, P g , were measured and recorded. 

Values obtained appear in Table II-l.* From these 
values Fig. 11-4 was plotted, and the slope was 
measured. From Fig. II -4, 

S i[e;P] = U8 mr/volt 

S i[A;P] = S i[e;P] S (sg)[A;e] 

= 118 x .032 
= 3. 77 mr/mr 

The gyro unit used in this study had available 
3.5° of travel. With S.r a -pi = 3 * 77 > the maximum 
prediction angle possible^ ,r ls 

3.77 x 3.5 = 13.2° or 245.5 mr. 

Damping Coefficient: 

The damping coefficient of the gyro, C , was 

6 

measured directly by applying known torques and 
measuring the angular rate output. By this method, 

C = 58.6 ^_e^m-sec (11-24) 



Amplifier Sensitivity: 

For minimum range of 1200 feet at sea level, for 
W CL = 52.36 mr/sec, from reference (1) the theoretical 

prediction angle 

P s(corr) “ 19 ' 6 mr 

Since Si [A . P] - 3.77, A g = ^ - 5.2 mr 
In steady state, M g - s (er) (A;M f g 

* See Appendix E for all tables of data from vdiich the sensitivity 
curves are plotted. 



( 11 - 22 ) 

(II- 23 ) 
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(MILLI RADIANS) 



170 




FIG. H-4. DETERMINATION OF S i[e . p] FOR SYSTEM NO. 1 . 
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^ (er) [ A;M] 



Since S g[W;M]= - 1 x 10 



5 dyne-cm-sec 
radian 



.1 x 10 3 



dyne-cm-sec . 
rar 

M g = 52.36 x .1 x 10 3 
= 5.236 x 10 3 dyne-cm 

From (II-5a), using values tabulated above and 
s -d r a = or potentiometer setting all out, 

K ol e>e J 

S (tg)[i 2 ; Ml S ( t S amp)[e;i 2 ] S R [e;e] S (amp)[ e;e] S (sg)[ A;e ] 

o 

= 40 X .329 X 1 X S (amp)[e;e] x 32 

= 421 - 12 S ( arap ) [ e ; e ] 



Then 



S ( amp ) [ e ; e ] 



5.236 x 10 3 
421.12 x 5.2 



(II-25) 



= 2.39 

This sensitivity was set by measuring input and output 
voltages. 

5. Prediction Performance of System 

'//hen the sensitivities of the components of the system had 
been determined and/or adjusted, angular rates of the rate table 
corresponding to were put into the system, and the prediction 

angles were measured by noting the movement of the reticle image on 
the inner surface of a section of a sphere of 1 meter radius, located 
1 meter from the sight head. 

Prediction angle versus W CL at ranges of 1200 feet, 1800 feet 
and 2400 feet was so obtained. Ranges were changed by using the 
potentiometer contained in the range box as a voltage divider. The 
values of prediction angle versus ,V CL at the various ranges are tab- 
ulated in Table II -2, together with P , as obtained from ref- 

s (corr) 

erence (1). Variations of P 0 and P o with W PT are plotted on 

S S / \ vL 

\ corr i 

Fig. II-5 and variations of P„ and P with range are plotted 

s s (corr) 

on Fig. II-6. From these figures it may be seen that the accuracy 
of the system is very good. Higher accuracy could have been obtained 
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by vibrating the sight head to decrease the effects of coulomb 
friction in the mirror pivots. 

6. Stability Number of System. 

From (11-13), 



(SN) = [ 



(CT) g 

S p[W;P] 



-1] 



Substituting for ( CT ) and S r y , with (Il-lOa) and (II-10b) 
respectively, 



(SN) = 



_ S g[W;M] S i[A;P] _ (-1-26) 

With the equipment in the laboratory 

*7 dyne-cm-sec 

C = 0.0586 x 10° , 

o mr 



S (er)[A;M) 
S gfW;Ml S i[A;Pl 
S (er)[A;M] 

C g 

S g[W;M] S i[A;P] 



- 1 



- 1 



mr 

S i[A;P] = 3 * 77 — > and 

t dyne-cm-sec 

S r. v Ml = 0.1 X 10° 

g[ »V ;MJ mr 

Using these values in (11-26), 

0.0586 x 10 3 

(SN) = - 1 

0.1 x 10 3 x 3.77 



= - 0.845 

which is unsatisfactory, since for good tracking the (SN) should 
be 0.2. 

For correct prediction, is fixed at 3.77 mr/mr. 

Sg[ W*M] canno ' t be decreased by more than one-half for satisfactory 
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performance, from Eng. Memo. No. 6411-H-2 (revised) . (5). 

The value of the remaining quantity, C g , required for a (SN) of 
0.2 for the system is determined below. 



0.2 = - 1 

.377 x 10 3 

C = 1.2 x .377 x 10 3 

6 

a dyne-cm-sec 

= .452 x 10° 

mr 

3 

A 0^ of 0.452 x 10 could not be obtained with the gyro 

used in the laboratory, because of the temperature-viscosity 
characteristics of the damping fluid. It could be obtained by 
use of density 1.0 damping fluid, however, which would entail re- 
design of the gyro float and container. 

7. Tracking Performance of System. 

In Paragraph 6 above it has been shown that the system as 
used in the laboratory was unsatisfactory for tracking, by the 
(SN) criterion. In addition, it was considered advisable to ex- 
amine the tracking ratio under both laboratory conditions and the 
condition with a density 1.0 damping fluid, with 
,, dyne-cm-sec 

C = 0.452 x 10° . 

S mr 



From (11-17), 



TR = 



1 + [(SN) + l]S p[vf;p ]P 
1 + < SN > S p[’,V;P]P 



Using values determined above, for the system in the lab- 
oratory , 

1 + 0 . 0582p 

TR = 

1 - 0 . 317p (11-27) 

For the system with (SN) = 0.2, resulting from use of density 
1.0 damping fluid, 



TR = ■ 



1 + .45p 
1 + . 07 5p 



(11-28) 
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o 

o 
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FIG. E-7. TRACKING RATIO Vs TRACKING FREQUENCY, SYSTEM NO 1 



Variation of TR with frequency is tabulated in Table II-3 
and is plotted on Fig. II-7. It is evident from Fig. II-7 that 
the system as used in the laboratory is unsatisfactory for 
tracking, as noted in paragraph 6 above, and that increasing the 

Cg to 0.452 x 10 dyne-cm-sec/mr will give optimum TR. 

8. Conclusions 

The performance of the system in computation and in pre- 
diction was satisfactory, as is shown on Figs. II-4 and II-5. 

The tracking performance of the system as used in the lab- 
oratory was unsatisfactory, as is shown in paragraph 7 above and 
on Fig. II-6, due to insufficient damping in the gyro unit. 

Additional damping would moke the system satisfactory from 
both prediction and tracking points of view. The damping coef- 

3 

ficient required for satisfactory performance is 0.452 x 10 
dyne-cm-sec/mr and could not be obtained with the gyro unit which 
was used. This damping coefficient could be obtained by re- 
designing the float and case, and using density 1.0 damping fluid. 

Since redesign was not possible in the time available for 
this study, the configuration of System No. 2 was assembled. 
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CHAPTER III 



SYSTEM NO. 2 USING BOTH THE GYRO UNIT AND THE COMPUTER UNIT 
1, Introduction 



In Chapter II it may be seen that System No. 1, if provided 
with additional damping, would serve as an adequate replacement for 
the elevation channel of the A-l Sight. Since all computation was 
made on the gyro gimbal shaft, however, the gyro could not be used 
for stabilization in a fully automatic system. 

Accordingly, a configuration using a gyro unit and the sep- 
arate computer unit which is described in Appendix A was assembled. 
A functional diagram of that configuration, hereinafter referred to 
as System No. 2, is shown on Fig. III-l. 




S (er)( AM ) A c 



FIG. III-l. FUNCTIONAL DIAGRAM OF SYSTEM NO. 2. 



A fully automatic system utilizing System No. 2 as a com- 
ponent appears as Fig. III-2. One requirement of any such system 
is that it permit manual tracking, as well as function automat- 
ically. The following analysis of System No. 2 is predicated on 
manual tracking. 
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2. Equations of the System. 



For System No. 2, as shown in Fig. III-l, the basic 
tions are: 

* .2 

W (CL) S g(W;M) = C g A g + S (tg)g(i 2 ;M) i (tg) 

e (sg) = S (sg)(A;e) A g 
• 2 

l (tg) = S (tg amp)(e;i 2 ) e (sg)g 
M c = S (tg)c (i 2 ;M) 1 (tg) 

M c = S (er) c (A,i 2 ;M) * (er) A c + C c A c or 
M c " S (er) c (A;M) A c + A c 
e c = S (sg)c(A;e) A c 

P s 

P s " S i(A;P) A c or A c ” q 

S i(A,*P) 

differentiating equation ( I II - 7) gives, 

P S = S i(A;P) A c or A c = _ 

S i(Af>) 

Equations (III-4) , (III-7) and (IIX-8) in(IIX-5) gives, 

Ec P + P = S i(A;P) S (tg)c(j2;M) j2 

c S S o (tg) 

B (er ) c (A ;M) B (er) c (A ;M) 



equa- 

(m-i) 

(in- 2 ) 
(HI -3) 
(m-4) 
(ra-5) 

(HI -6) 
(ni-7) 



(m-8) 



(ni-9) 
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